Homocysteine is considered to be an important risk factor for cancer as well as cardiovascular diseases. To clarify whether homocysteine has potential carcinogenicity, we investigated formation of 8-oxo-7,8-dihydro-2 0 -deoxyguanosine (8-oxodG), which is known to be correlated with the incidence of cancer, induced by homocysteine in human cultured cell lines. Homocysteine increased the amount of 8-oxodG in human leukemia cell line HL-60, whereas the amount of 8-oxodG in its hydrogen peroxide (H 2 O 2 )-resistant clone HP100 was not increased. We investigated the mechanism for oxidative DNA damage by homocysteine using 32 P-labeled DNA fragments obtained from human tumor suppressor genes and a protooncogene. There were two mechanisms by which homocysteine caused DNA damage in the presence of Cu(II). A low concentration of homocysteine (20 lm) frequently induced piperidine-labile sites at thymine residues, whereas a high concentration of homocysteine (100 lm) resulted in damage principally to guanine residues. Catalase inhibited DNA damage by 20 lm homocysteine, indicating the participation of H 2 O 2 , but was ineffective in preventing DNA damage by 100 lm homocysteine. Experiments using a singlet oxygen probe showed that 100 lm homocysteine enhanced chemiluminescence intensity in deuterium oxide more than that in H 2 O. These results indicated that the metal-dependent DNA damage through H 2 O 2 is likely to be a more relevant mechanism for homocysteine carcinogenicity.
Introduction
Homocysteine, generated by the catabolism of the essential amino-acid methionine, is a naturally occurring thiol amino acid. Evidence is accumulating that elevated levels of homocysteine are correlated with higher risk for cancer as well as cardiovascular diseases (Heijmans et al., 1999; Kark et al., 1999; Kato et al., 1999; Schneede et al., 2000; Thomson et al., 2000) . Death from cancer was significantly related to elevated homocysteine levels in a cohort study of all-cause mortality in Jerusalem (Kark et al., 1999) . It has been reported that cervical intraepithelial neoplasia is positively correlated with levels of homocysteine (Thomson et al., 2000) . Subjects in the highest quartile of homocysteine (>12.2 mm) had a 70% increased risk for colorectal cancer compared with the lowest quartile (p7.9 mm) (P ¼ 0.09) (Kato et al., 1999) . In addition, over the age of 85, mortality in men with mutation of methylenetetrahydrofolate reductase gene (MTHFR), which is associated with an elevated level of plasma homocysteine, appeared to be primarily attributable to cancer rather than cardiovascular disease (Heijmans et al., 1999) . Interestingly, recent investigations have demonstrated a link between elevated homocysteine status and the rate of chromosomal damage in the absence of folate and vitamin B 12 deficiencies (Fenech et al., 1997 (Fenech et al., , 1998 . This chromosome damage could contribute to the increased risk of cancer. Therefore, elevated homocysteine is now considered to be an important risk factor for genetic instability. However, the mechanism of DNA damage induced by homocysteine remains to be clarified.
In the present study, to estimate the possibility of carcinogenic effect of homocysteine, we investigated homocysteine-induced formation of 8-oxo-7,8-dihydro-2 0 -deoxyguanosine (8-oxodG) in human leukemia cell lines HL-60 and HP100, a hydrogen peroxide (H 2 O 2 )-resistant cell line derived from HL-60, by using an electrochemical detector coupled to a high-performance liquid chromatography (HPLC-ECD). The oxidized nucleoside 8-oxodG is a valid biomarker of the rate of oxidative DNA damage with a mechanistic relation to carcinogenesis (Shibutani et al., 1991; Bruner et al., 2000; Miller et al., 2000) . HP100 cells, which have a higher level of catalase activity than HL-60 cells (Kasugai and Yamada, 1992) , were used to assess whether H 2 O 2 participates in homocysteine-induced oxidative DNA lesions. Furthermore, to clarify the mechanism of cellular DNA damage, we examined DNA damage induced by homocysteine using 32 P-5 0 -end-labeled DNA fragments obtained from the human p53 and p16 tumor suppressor genes and the c-Ha-ras-1 proto-oncogene. The human p53 tumor suppressor gene and the c-Ha-ras-1 proto-oncogene are well known to be targets for chemical carcinogens, and the damaged sites may lead to mutational hotspots (Denissenko et al., 1996; Walker et al., 1999) . The p16 gene, like the p53 and c-Ha-ras-1 genes, is one of the most frequently mutated genes in human cancer (Huschtscha et al., 1998; Roussel, 1999) . Recently, it was reported that inactivation of the p16 gene could be one of the major mechanisms of oxidative stress-induced carcinogenesis (Tanaka et al., 1999) . We also analysed 8-oxodG formation in calf thymus DNA by homocysteine in the presence of Cu(II) by using an HPLC-ECD. In order to determine the mechanism of site-specific DNA damage, we examined the production of singlet oxygen ( 1 O 2 ) by homocysteine using trans-1-(2 0 -methoxyvinyl)pyrene (MVP) as a 1 O 2 chemiluminescence probe.
Results

Formation of 8-oxodG in human cultured cells by homocysteine or cysteine
To investigate the induction of cellular oxidative DNA damage by homocysteine, we measured the content of 8-oxodG, a relevant indicator of oxidative base damage, in the DNA of HL-60 and HP100 cells treated with homocysteine. Homocysteine treatment resulted in increased 8-oxodG content in DNA extracted from treated HL-60 cells in a dose-dependent manner (Table 1) . The formation of 8-oxodG was increased at 20 mm homocysteine. The content of 8-oxodG of DNA in HL-60 cells treated with 2 mm homocysteine was significantly increased in comparison with nontreated cells. However, homocysteine treatment did not lead to increased 8-oxodG in HP100 cells (Table 1) . It was reported that the catalase activity of HP100 cells is 18 times higher than that of HL-60 cells (Kasugai and Yamada, 1992) . Endogenous catalase inhibitor 3-aminotriazole significantly increased the content of 8-oxodG in HP100 cells treated with 2 mm homocysteine (Table 1) . On the other hand, treatment of cysteine, which is structurally related to homocysteine, did not increase the amount of 8-oxodG in HL-60 cells (Table 1) . These results suggest that homocysteine is capable of causing oxidative DNA damage in human cultured cells, and that the generation of H 2 O 2 plays a critical role in homocysteine-mediated DNA damage.
Damage to 32 P-labeled DNA fragments by homocysteine in the presence of Cu(II) Figure 1 shows the autoradiogram of DNA fragments treated with homocysteine. Homocysteine caused DNA damage in the presence of Cu(II). The intensity of the DNA damage increased with homocysteine concentration. There were two distinct peaks in the damage profile, one at 20 mm and the second between 100 and 200 mm. Neither homocysteine nor Cu(II) alone was capable of causing DNA damage. Piperidine treatment increased the amount of oligonucleotides formed, but even without treatment, some oligonucleotides were formed by homocysteine in the presence of Cu(II), indicating breakage of the deoxyribose phosphate backbone. Since piperidine treatment readily removes altered bases from their sugars, it is reasonable to conclude that the base alteration and/or liberation were induced by homocysteine in the presence of Cu(II). HL-60 and HP100 cells (4.0 Â 10 6 cells) were incubated with various concentrations of homocysteine or 2 mm cysteine for 18 h. HP100 cells were treated with 10 mm 3-aminotriazol (AT) for 60 min and then incubated with various concentrations of homocysteine for 18 h. The extracted DNA was subjected to enzyme digestion and analysed by an HPLC-ECD as described in Materials and methods. Results are expressed as means 7s.e. of values obtained from six independent experiments. Asterisk (*) indicates a significant difference when compared with control by t-test (Po0.01). Asterisk (**) indicates a significant difference between HP100 and HP100+AT by t-test (Po0.05) The effects of scavengers and a Cu(I)-specific chelator, bathocuproine, on Cu(II)-dependent DNA damage by homocysteine are shown in Figure 2a . Typical hydroxyl free radical (OH) scavengers, such as ethanol and mannitol, slightly inhibited DNA damage by 20 mm homocysteine (lanes 3 and 4), but not by 100 mm homocysteine (lanes 9 and 10). Methional (lanes 5 and 11) and bathocuproine (lanes 6 and 12) were capable of inhibiting DNA damage by both 20 and 100 mm homocysteine. Furthermore, NaN 3 , DABCO, methional, and methionine, potent and relatively specific scavengers of 1 O 2 (Lindig et al., 1980; Epe, 1991; Piette, 1991) , inhibited DNA damage by 100 mm homocysteine in the presence of Cu(II) (data not shown).
The effects of catalase on Cu(II)-mediated-DNA damage by homocysteine or cysteine are shown in Figure 2b . Catalase completely inhibited DNA damage by 20 mm homocysteine, and 20 and 100 mm cysteine. However, catalase was not effective at inhibiting DNA damage by 100 mm homocysteine, suggesting that H 2 O 2 is not a major mediator of DNA damage induced by 100 mm homocysteine. Heat-inactivated catalase showed no inhibitory effect on the DNA damage (data not shown). Copper alone or cysteine alone did not cause DNA damage (Figure 2b ).
Site specificity of DNA damage induced by homocysteine in the presence of Cu(II)
The patterns of DNA cleavage induced by homocysteine in the presence of Cu(II) were determined by DNA sequencing using the Maxam-Gilbert procedure (Maxam and Gilbert, 1980) . The relative intensity of DNA cleavage obtained by scanning autoradiogram with a laser densitometer is shown in Figure 4 and 5. In all, 20 mm homocysteine frequently induced piperidine-labile sites at thymine residues, especially located 5 0 and/or 3 0 to guanine in DNA fragments obtained from the human c-Ha-ras-1 proto-oncogene ( Figure 3a ). Furthermore, a similar pattern of DNA cleavage was obtained with 20 mm homocysteine in the p16 ( Figure 4a ) and p53 (data not shown) tumor suppressor genes. The DNA damage was completely inhibited by catalase ( Figure 3b) . However, when 100 mm homocysteine was used, piperidine-labile sites occurred primarily at guanine residues (Figures 3c and 4b ). Furthermore, in the presence of catalase, this preference for cleavage at guanine residues displayed by 100 mm homocysteine was more pronounced (Figure 3d ). Several studies have suggested that 1 O 2 is responsible for the induction of piperidine-labile lesions at most guanine residues (Kawanishi et al., 1986; Ito et al., 1993; Tuite and Kelly, 1993) . 0 -end-labeled 341-base pair DNA fragments, 20 mm/base of calf thymus DNA, 20 mm homocysteine (lanes 2-6) or 100 mm homocysteine (lanes 8-12), and 20 mm CuCl 2 in 10 mm phosphate buffer (pH 7.8) containing 5 mm DTPA were incubated at 371C for 120 min. The DNA fragments were treated with piperidine and electrophoresed on a polyacrylamide gel. Lanes 1 and 7, control contained neither homocysteine nor Cu(II); lanes 2 and 8, homocysteine+Cu(II); lanes 3 and 9, homocysteine+Cu(II)+0.8 m ethanol; lanes 4 and 10, homocysteine+Cu(II)+0.2 m mannitol; lanes 5 and 11, homocysteine+Cu(II)+0.1 m methional; lanes 6 and 12, homocysteine+Cu(II)+50 mm bathocuproine. (b) Reaction mixtures containing the 32 P-5 0 -end-labeled 261-base pair DNA fragments, 20 mm/base of calf thymus DNA, 20 mm (lanes 2 and 3) or 100 mm (lanes 4 and 5) homocysteine or 20 mm (lanes 6 and 7) or 100 mm (lanes 8 and 9) cysteine, 20 mm CuCl 2 and 30 U catalase (lanes 3, 5, 7, and 9) in 10 mm phosphate buffer (pH 7.8) containing 5 mm DTPA were incubated at 37 1C for 120 min. Lane 1, control contained no Cu(II); lanes 2 and 4, homocysteine+Cu(II); lanes 3 and 5, homocysteine+Cu(II)+catalase; lanes 6 and 8, cysteine+Cu(II); lanes 7 and 9, cysteine+Cu(II)+catalase; lane 10, 20 mm Cu(II); lane 11, 100 mm cysteine; lane 12, 100 mm homocysteine Oxidative DNA damage by homocysteine S Oikawa et al
Homocysteine-induced formation of 8-oxodG in calf thymus DNA in the presence of Cu(II) Figure 5 shows the amount of 8-oxodG formation in calf thymus DNA treated with 20 or 100 mm homocysteine in the presence of Cu(II). 8-oxodG formation by homocysteine increased with time. The amount of 8-oxodG formation by 100 mm homocysteine was approximately six times more than that by 20 mm homocysteine at 60 min. In the absence of Cu(II), homocysteine did not increase 8-oxodG formation (data not shown). It is well known that 8-oxodG formation in isolated DNA increases more efficiently than that in intracellular DNA, because there are many barriers to attack DNA and DNA repair systems in cells (Bruner et al., 2000; Murata and Kawanishi, 2000) . Therefore, the amounts of 8-oxodG in DNA from cultured cells treated with homocysteine (Table 1) To test if 1 O 2 is involved in Cu(II)-dependent DNA damage by 100 mm homocysteine, we conducted chemiluminescence experiments using MVP. In the presence of Cu(II), 100 mm homocysteine induced a rise in MVP chemiluminescence, reaching a peak 15-20 min following agonist addition (Figure 6 ), after which there was a fall in chemiluminescence to background levels. MVP chemiluminescence by 100 mm homocysteine was enhanced when D 2 O, which is known that D 2 O prolongs the lifetime of 1 O 2 (Lindig et al., 1980; Epe, 1991; Piette, 1991) , was used in the replace of H 2 O (Figure 6 ) in the reaction mixture.
Discussion
In this study, we demonstrated that the content of 8-oxodG, a characteristic oxidative DNA lesion, in HL-60 , and 20 mm CuCl 2 in 10 mm phosphate buffer (pH 7.8) containing 5 mm DTPA were incubated at 371C for 60 min. After piperidine treatment, the DNA fragment was electrophoresed on an 8% polyacrylamide/8 m urea gel and the autoradiogram was obtained by exposing film to the gel Oxidative DNA damage by homocysteine S Oikawa et al cells was increased by the homocysteine treatment, whereas the content of 8-oxodG in HP100 cells was not. Since the catalase activity of HP100 cells is 18 times higher than that of HL-60 cells (Kasugai and Yamada, 1992) , it is likely that H 2 O 2 generation plays an important role in homocysteine-induced 8-oxodG formation. 8-oxodG has been well characterized as a premutagenic lesion in mammalian cells and a putative initiator of the carcinogenic process (Shibutani et al., 1991; Bruner et al., 2000; Miller et al., 2000) . The formation of 8-oxodG in cellular DNA by homocysteine is noteworthy when considered in the context of the report that 8-oxodG formation results in G-T transversion, the type frequently found in tumorrelevant genes (Loft and Poulsen, 1996) . On the other hand, cysteine, which is structurally and metabolically related to homocysteine, did not cause cellular DNA damage, although cysteine caused DNA damage in vitro. Cysteine is not only an important substrate of protein biosynthesis but is also precursors of various other metabolites such as glutathione. Intracellular cysteine levels are maintained at a very low concentration (Bannai, 1984) . Our results and these references are in agreement with the sparse data on the association between cysteine and cancer.
To elucidate the mechanism of cellular DNA damage, we investigated site-specific DNA damage and generation of reactive species caused by homocysteine using 32 P-labeled DNA fragments obtained from the human Figure 4 Comparison of site specificity of DNA cleavage induced by 20 mm homocysteine and 100 mm homocysteine in the p16 tumor suppressor genes. Reaction mixtures containing the 32 P-5 0 -end labeled 309-base pair DNA fragment, 20 mm/base of calf thymus DNA, 20 mm homocysteine (a) or 100 mm homocysteine (b), and 20 mm CuCl 2 in 10 mm phosphate buffer (pH 7.8) containing 5 mm DTPA were incubated at 371C for 60 min. A fter piperidine treatment, the DNA fragment was electrophoresed on an 8% polyacrylamide/8 m urea gel and the autoradiogram was obtained by exposing film to the gel Figure 5 Time course of formation of 8-oxodG in calf thymus DNA induced by homocysteine plus Cu(II). Reaction mixture containing 20 mm/base of calf thymus DNA, 20 or 100 mm homocysteine, 20 mm CuCl 2 and 5 mm DTPA in 200 ml of 4 mm sodium phosphate buffer (pH 7.8) was incubated at 371C. After ethanol precipitation, the DNA was subjected to enzyme digestion and analysed by an HPLC-ECD as described in Materials and methods. Results are expressed as mean7s.e. of values obtained from four independent experiments O 2 production by 100 mm homocysteine plus Cu(II). MVP chemiluminescence count was measured every minute for 40 min from the time of addition of homocysteine Oxidative DNA damage by homocysteine S Oikawa et al p53 and p16 tumor suppressor genes and the c-Ha-ras-1 proto-oncogene. In the presence of Cu(II), 20 mm homocysteine frequently caused cleavage at thymine residues located 5 0 and/or 3 0 to guanine. This result supports the involvement of reactive species other than OH, because OH causes DNA damage at any nucleotides with little site specificity (Celander and Cech, 1990; Oikawa and Kawanishi, 1998) . Inhibition of DNA damage by catalase and bathocuproine indicated the involvement of H 2 O 2 and Cu(I) in the damage process. Typical OH scavengers showed little inhibitory effects on the DNA damage, whereas methional, which scavenges a variety of reactive species in addition to OH (Pryor and Tang, 1978) , was able to inhibit damage completely. These results indicate that 20 mm homocysteine could induce metaldependent H 2 O 2 generation and subsequently damage to DNA.
On the other hand, when 100 mm homocysteine was used, the predominant DNA damage sites were at guanine residues. Several studies have reported that 1 O 2 preferentially induces piperidine-labile lesions at guanine residues (Ito et al., 1993; Tuite and Kelly, 1993; Kawanishi et al., 1986; Hall et al., 1998; Stevenson and Davies, 1999) . NaN 3 , DABCO, methional, and methionine, which are potent and relatively specific scavengers of 1 O 2 , inhibited DNA damage by 100 mm homocysteine in the presence of Cu(II). When D 2 O was used, 100 mm homocysteine plus Cu(II) resulted in a substantial enhancement of chemiluminescence of MVP, 1 O 2 probe. Although typical OH scavengers showed no inhibitory activity, bathocuproine was able to inhibit the DNA damage, suggesting the involvement of conversion from Cu(II) to Cu(I). In contrast to the effects of 20 mm homocysteine, the DNA damage was not inhibited by catalase. These results suggest the involvement of 1 O 2 , but not H 2 O 2 , in Cu(II)-mediated DNA damage at higher concentrations of homocysteine. Recently, it is reported that 1 O 2 is able to oxidize cellular DNA directly (Ravanat et al., 2000) .
Two possible mechanisms of Cu(II)-dependent DNA damage induced by homocysteine as shown in Figure 7 can be envisioned as accounting for most of the observations. Low concentrations of homocysteine undergo Cu(II)-mediated autoxidation to generate Cu(I) and homocystinyl radical. Cu(I) reacts with O 2 to generate O 2 À and subsequently H 2 O 2 . Cu(I) bound to DNA interacts with H 2 O 2 , resulting in the formation of a reactive complex such as DNA-Cu(I)OOH. This complex may release OH, which could attack adjacent DNA constituents, for example, thymine residues, before being scavenged by OH scavengers (Dizdaroglu et al., 1990 (Dizdaroglu et al., , 1991 . In the mechanism of DNA damage by high concentrations of homocysteine, the reaction of homocysteinyl radical with dissolved molecular oxygen may produce unstable homocysteine thiol peroxyl radical, (NH 3 (Sevilla et al., 1987; Hall et al., 1989 ).
An increased level of homocysteine is now considered to be an important risk factor for cancer. Homocysteine plasma levels are increased markedly in patients with folate deficiency. Several studies have demonstrated that folate deficiency is associated with increased risk of colon cancer (Glynn et al., 1996; Martinez et al., 1999; QUASAR Collaborative Group, 2000) . Serum folate concentrations also showed a statistically significant inverse dose-response relation with pancreatic cancer risk (Stolzenberg-Solomon et al., 1999) . The mechanism of chromosome damage in folate deficiency was Figure. 7 Possible mechanism of oxidative DNA damage induced by homocysteine plus Cu(II)
Oxidative DNA damage by homocysteine S Oikawa et al reported to be deficient methylation of uracil to thymine, leading to subsequent incorporation of uracil into human DNA (Blount et al., 1997; Ames, 1999) . However, recent studies have indicated that elevated homocysteine level is correlated with an elevated chromosome damage rate even when folate deficiency was not observed (Fenech et al., 1997 (Fenech et al., , 1998 . This result cannot be explained by deficient methylation of uracil to thymine. In this study, we demonstrated that homocysteine induced direct damage to cellular and isolated DNA via the generation of reactive oxygen species.
The consensus of most laboratories is that a normal level of plasma homocysteine is somewhere between 4 and 16 mm (Nygard et al., 1995; Thomson et al., 2000) . The degree of elevation of homocysteine depends on the degree of folic acid deficiency; thus, plasma homocysteine levels can range from high normal to >100 mm (McCully, 1993; Guttormsen et al., 1996; Blom, 1998; El-Khairy et al., 1999; Langman and Cole, 1999) . In this study, we demonstrated that 20 mm homocysteine could induce copper-dependent oxidative damage to cellular and isolated DNA. Copper is present in the nuclei of mammalian cells and may participate in the association of DNA with histones to form higher-order chromatin structures (Chiu et al., 1995; Linder, 2001; Theophanides and Anastassopoulou, 2002) . On the other hand, the intracellular GSH concentration in human cells is typically at 1-10 mm (Griffith, 1999) . Our previous report demonstrated that GSH induced DNA damage in the presence of Cu(II) at a molecular ratio of GSH to Cu(II), 1 : 1, but the DNA damage decreased when the concentration of GSH exceeded that of Cu(II) (Oikawa and Kawanishi, 1998) . Thus, physiological concentrations of GSH do not participate in metal-mediated DNA damage in cells. Therefore, it is concluded that elevated plasma homocysteine may contribute to carcinogenesis through metal-mediated oxidative DNA damage. [g- 32 P]ATP (222 TBq/mmol) was purchased from New England Nuclear. Homocysteine, d-mannitol and CuCl 2 were from Nacalai Tesque, Inc., (Kyoto, Japan). Nuclease P 1 was from Yamasa Shoyu Co. (Chiba, Japan). Alkaline phosphatase from calf intestine was from Boehringer Mannheim GmbH. Diethylenetriamine-N,N,N 0 ,N 00 ,N 00 -pentaacetic acid (DTPA) and bathocuproinedisulfonic acid were from Dojin Chemicals Co. (Kumamoto, Japan). Catalase (45 000 U/mg from bovine liver) and bacterial alkaline phosphatase were from Sigma Chemical Co. Acrylamide, bisacrylamide, and methionine were from Wako Chemical Industries, Ltd. (Osaka, Japan). 3-(Methylthio)propionaldehyde (methional) was from Tokyo Kasei Co. (Tokyo, Japan). MVP was from Molecular Probes. Deuterium oxide (D 2 O) was from Merck KgaA. 1,4-Diazabicyclo[2,2,2]-octane (DABCO) was from Aldrich Chemical Co.
Materials and methods
Materials
Measurement of formation of 8-oxodG in cultured cells treated with homocysteine and cysteine
HL-60 and HP100 cells were grown in RPMI 1640 supplemented with 6% FCS at 371C under 5% CO 2 in a humidified atmosphere. Cells (10 6 cells/ml) were incubated with homocysteine or cysteine for 18 h at 371C and immediately washed three times with PBS. DNA was extracted using a DNA Extractor WB Kit (Wako Pure Chemical Industries, Ltd). The DNA was dissolved in H 2 O, and treated with 8 U of nuclease P 1 followed by 1.2 U of bacterial alkaline phosphatase. The content of 8-oxodG was determined by a previously described method (Ito et al., 1993; Tada-Oikawa et al., 2000) .
Preparation of
32 P-labeled DNA fragments from the c-Ha-ras-1, p53, and p16 genes DNA fragments were obtained from the human p53 (Chumakov, 1990 ) and p16 (Serrano et al., 1993) tumor suppressor genes, and the c-Ha-ras-1 proto-oncogene (Capon et al., 1983) . Two fragments containing exon 1 or 2 of the human p16 tumor suppressor gene were obtained by PCR amplification of human genomic DNA using 5 0 and 3 0 amplimers synthesized by Funakoshi Co. The PCR product was ligated into pGEM s -T Easy Vector (Promega Corporation), and then transferred to Epicurian coli s supercompetent cells (Stratagene). The pGEM s -T Easy Vector was digested with EcoRI, and the resulting DNA fragment was fractionated by electrophoresis on a 2% agarose gel. Dephosphorylation with calf intestine phosphatase and phosphorylaton with [g-32 P]ATP and T 4 polynucleotide kinase yielded the 5 0 -end-labeled 490-base pair fragment (EcoRI* 5841-EcoRI* 6330) containing exon 1 and the 460-base pair fragment (EcoRI* 9481-EcoRI* 9940) containing exon 2. The 490-base pair fragment was further digested with MroI to obtain the singly labeled 328-base pair fragment (EcoRI* 5841-MroI 6168) and the 158-base pair fragment (MroI 6173-EcoRI* 6330). The 460-base pair fragment was also further digested with BssHII to obtain the singly labeled 309-base pair fragment (EcoRI* 9481-BssHII 9789) and the 147-base pair fragment (BssHII 9794-EcoRI* 9940).
DNA fragments were also obtained from the human p53 tumor suppressor gene (Chumakov, 1990 ). The 32 P-5 0 -endlabeled 650-base pair (HindIII* 13972-EcoRI* 14621) and 460-base pair (HindIII* 13038-EcoRI* 13507) fragments were obtained as previously described (Murata and Kawanishi, 2000) . The 650-base pair fragment was digested with ApaI to obtain the singly labeled 211-base pair (HindIII* 13972-ApaI 14182) and 443-base pair (ApaI 14179-EcoRI* 14621) DNA fragments. The 460-base pair fragment was digested with StyI to obtain the singly labeled 118-base pair (HindIII* 13038-StyI 13155) and 348-base pair (StyI 13160-EcoRI* 13507) fragments. DNA fragments were prepared from plasmid pbcNI, which carries a 6.6-kb BamHI chromosomal DNA segment containing the human c-Ha-ras-1 proto-oncogene. The singly labeled 261-base pair fragment (AvaI* 1645-XbaI 1905), 341-base pair fragment (XbaI 1906-AvaI* 2246), 98-base pair fragment (AvaI* 2247-PstI 2344), and 337-base pair fragment (PstI 2345-AvaI* 2681) were obtained as previously described (Kawanishi and Yamamoto, 1991) . For reference, nucleotide numbering starts with the BamHI site (Capon et al., 1983 ). An asterisk indicates 32 P labeling.
Detection of damage to isolated 32 P-labeled DNA fragments induced by homocysteine in the presence of Cu(II)
Reaction mixtures containing 32 P-labeled DNA fragment, 20 mm/base sonicated calf thymus DNA, homocysteine, and 20 mm CuCl 2 in 200 ml of 10 mm sodium phosphate buffer (pH 7.8) containing 5 mm DTPA were incubated for 60 min at 371C. The DNA fragments were heated in 1 m piperidine for 20 min Oxidative DNA damage by homocysteine S Oikawa et al at 901C, followed by electrophoresis on an 8% polyacrylamide/8 m urea gel as previously described (Kawanishi and Yamamoto, 1991 ). An autoradiogram was obtained by exposing an X-ray film to the gel. The preferred cleavage sites were determined by directly comparing the positions of the oligonucleotides with those produced by the chemical reactions of the Maxam-Gilbert (1980) procedure, using a DNAsequencing system (LKB 2010 Macrophor). The relative amounts of DNA fragments were measured by scanning the autoradiogram with a laser densitometer (LKB 2222 UltroScan XL).
Analysis of 8-oxodG formation in calf thymus DNA by homocysteine in the presence of Cu(II)
Measurement of 8-oxodG in calf thymus DNA was performed as described previously (Kasai et al., 1986) . The reaction mixtures, containing 20 mm/base calf thymus DNA, homocysteine, and 20 mm CuCl 2 in 4 mm sodium phosphate buffer (pH 7.8) containing 5 mm DTPA, were incubated at 371C. After ethanol precipitation, the DNA was digested into nucleosides with nuclease P 1 and calf intestine phosphatase. The amount of 8-oxodG was measured with an HPLC-ECD as described previously (Ito et al., 1993) . Reaction mixtures containing 10 mm MVP, 200 mm homocysteine, and 20 mm CuCl 2 in 1 ml of 10 mm sodium phosphate buffer (pH 7.8) were kept in a light-tight chamber at 371C. Chemiluminescence was measured every minute for 40 min from the time of addition of homocysteine using a BLR-201 luminescence reader (Aloka Co., Ltd., Tokyo, Japan). 
